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GRANT  #  DAAD 19-03- 1-066 

TITLE:  Use  of  Multiple  Fluorescent  Labels  in  Biological  Sensing 
P.I.:  KOOL,  ERICT. 

Professor  of  Chemistry,  Department  of  Chemistry,  Stanford  University,  Stanford,  CA  94305-5080;  Tel 
(650)  724-4741;  kool@stanford.edu 

INTRODUCTION 

This  report  covers  the  total  award  period  for  this  grant.  This  project  has  been  ongoing  at  Stanford 
University  for  three  years  (2003-2006).  The  chief  aims  of  the  project  were: 

Specific  Aims  of  this  project: 

(1)  to  find  enzymes  that  can  label  biomolecules  with  excimer- forming  fluorophores,  resulting  in 
labels  that  are  brighter  and  have  longer  Stokes  shifts  than  the  current  standard. 

(2)  to  make  excimer-  and  exciplex-forming  probes  for  repetitive  DNA  sequences  such  as  telomeres 
and  centromeres,  and  to  demonstrate  them  both  outside  and  inside  cells. 

(3)  to  make  novel  polyfluorophore  molecules  that  can  sense  small  molecules,  both  in  solution  phase 
and  in  the  vapor  phase. 

FINAL  TECHNICAL  PROGRESS  REPORT 

The  long-term  goals  of  this  project  were  to  study  the  basic  science  of  how  multiple  fluorescent 
molecules  interact  when  placed  near  one  another,  and  to  apply  this  information  in  the  design  of  new 
molecular  sensing  platforms,  with  applications  in  detection  of  DNA,  RNA,  physical  properties  in 
solution,  and  small  molecules  and  ions.  DNA  was  used  as  a  scaffold  to  arrange  the  fluorescent 
molecules  in  close  proximity. 

The  project  as  a  whole  enjoyed  considerable  success  in  several  areas  of  basic  and  applied 
science.  We  studied  several  modes  of  interaction  between  fluorophores,  and  characterized  unusual 
interactions,  including  water-soluble  excimers  and  exciplexes.  We  investigated  multiple  ways  to 
assemble  poly-labeled  molecules,  including  organic  synthesis  and  enzymatic  synthesis.  Finally,  we 
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succeeded  in  developing  different  classes  of  molecules  that  can  sense  diverse  metal  ions  in  solution, 
some  that  sense  photons,  and  some  that  detect  RNAs  in  living  cells.  In  total,  seventeen  papers  were 
published  and  two  more  were  submitted  for  publication. 

AIM  1:  Finding  enzymes  that  label  DNAs  with  excimer- forming  fluorophores 


An  important  part  of  our  program  was  the  exploration  of  the  possibility  of  using  DNA 
polymerase  enzymes  such  as  terminal  deoxynucleotidyl  transferase  (TdT)  to  assemble  non-natural 
fluorescent  oligomers.  This  was  done  for  two  chief  reasons:  efficiency  and  ease  of  use.  In  terms  of 
efficiency,  polymerase  enzymes  can  operate  with  99.99%  yields,  giving  polymers  thousands  of 
nucleotides  long  in  less  than  a  minute.  Moreover,  enzymes  can  work  on  extremely  small  scales, 
working  routinely  with  nanomolar  DNA  concentrations,  and  picomolar  quantities,  while  DNA 
synthesizers  commonly  make  much  larger  quantities  of  DNA  and  require  liters  of  organic  reagents  and 
solvents.  As  a  result,  not  only  are  enzymes  cheaper  and  more  efficient,  but  they  are  environmentally 
friendly  (“green”)  as  well,  requiring  only  water  and  producing  nontoxic  byproducts.  As  for  our  interest 
in  ease  of  use,  enzymes  are  routinely  used  in  a  much  greater  range  of  laboratories  by  a  much  greater 
number  of  people  with  interests  in  biochemistry,  biology,  and  medicine  than  are  DNA  synthesizers, 
which  require  synthetic  chemistry  knowledge  and  training.  Since  many  of  the  long-range  applications 
of  our  molecular  sensing  approaches  will  be  biological  and  biomedical,  it  makes  sense  to  enable  the 
scientists  who  will  be  applying  the  technologies  to  be  able  to  make  the  probes  themselves  when  needed. 

Our  research  during  this  grant  period 
was  successful  in  developing  the  TdT 
enzyme  for  synthesis  of  nonnatural  DNA- 
like  polyfluorophores  (see  figure).  Our 
research  determined  that  standard  hydrogen 
bonding  nucleotides  are  not  required  for  this 
enzyme,  and  that  nonpolar  nucleoside 
isosteres  could  be  very  efficiency  substrates, 
being  incorporated  dozens  of  times  into  new 
polymers  at  the  end  of  DNA 
oligonucleotides.  In  addition,  we  demonstrated  that  expanded  DNA  nucleotides  could  also  be  efificent 
substrates.  These  are  of  special  interest  because  they  are  inherently  fluorescent  nucleotides  that  bind 
natural  DNAs  and  RNAs  very  tightly. 

Finally,  we  published  a  paper  demonstrating  that  simple  aromatic  hydrocarbons  (specifically 
pyrene  in  this  case)  could  be  substrates  as  the  deoxynucleoside  triphosphate  derivatives.  The  resulting 
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Enzymatic  synthesis  of  pyrene  nucleotide  oligomers  by  TdT. 
Emission  spectra  of  oligomeric  product  (blue)  compared  with 
starting  nucleotide  (violet). 


short  oligomers  showed  efficient  excimer  fluorescence.  Thus  the  reaction  showed  a  clear  change  in 
fluorescence  emission,  from  violet-blue  (the  emission  of  pyrene  monomer)  to  green  (pyrene  excimer). 
Not  only  was  this  result  of  interest  as  a  demonstration  of  how  to  label  DNAs  with  excimer  dyes;  it  also 
raises  the  interesting  possibility  of  new  solution-phase  assays  for  apoptosis. 

AIM  2:  Testing  excimer-forming  fluorophores  for  labeling  repetitive  sequences  of  DNA. 

In  this  Aim  we  studied  several  designs  for  DNA  probes  that  (a)  bind  repetitive  DNA  sequences  and  (b) 
yield  excimer  signals.  To  carry  this  out,  we  studied  the  above-mentioned  pyrene  nucleoside  as  a 
prototype,  since  it  was  known  to  form  excimers  when  synthesized  into  oligomers  where  pyrene  was 
directly  adjacent.  The  challenge  of  this  Aim  was  then  to  design  DNA  probes  that  used  single  pyrene 
nucleotides  at  teir  ends.  If  designed  correctly  (we  hypothesized),  such  probes  would  bind  side-by-side 
on  repeating  DNA  targets;  this  would  bring  the  pyrene  labels  into  adjacent  positions,  potentially  yielding 
an  excimer  signal.  Thus  unbound  probes  and  bound  probes  would  in  principle  yield  a  color  change  in 
solution.  If  successful,  this  could  give  probes  of  repetitive  sequences  in  solution  and  in  cellular  systems. 
Repetitive  sequences  have  special  biological  properties;  one  important  example  is  the  telomere,  a 
repeating  hexamer  sequence  that  exists  in  hundreds  of  copies  at  the  ends  of  human  chromosomes. 
Telomere  sequence,  length  and  structure  is  associated  with  a  number  of  human  diseases,  so  probing 
these  sequences  could  have  useful  applications  in  biomedical  science. 

Unfortunately  our  attempts  to  date  have  so  far  failed  to  give  useful  signal  changes,  for  two 
interesting  reasons.  First,  we  found,  interestingly,  that  labeling  a  DNA  probe  with  one  pyrene  at  each 
end  gave  a  relatively  strong  pyrene  excimer  signal.  This  was  the  case  even  for  relatively  long  oligomers 
of  12  nucleotides  tagged  with  two  pyrenes.  This  suggests  that  pyrenes  are  either  self- associated  in  the 
oligomers  (meaning  presumably  that  the  probes  exist  in  a  ring-like  shape,  with  the  ends  binding  each 
other),  or  that  they  can  associate  rapidly  with  one  another  in  the  excited-state  lifetime  of  pyrene.  Of 
course,  this  observation  prevents  a  strong  change  in  signal  on  binding,  since  excimer  was  already  seen 
prior  to  binding. 

A  second  problem  with  this  approach  appeared  to  arise  from  relatively  strong  internal  structure 
of  the  repetitive  sequences.  Telomeric  sequences  can  fold  (usually  in  the  presence  of  potassium  ion) 
into  4-stranded  structures.  It  was  our  hope  that  these  structures  would  be  relatively  weak  in  the  absence 
of  potassium,  and  that  oligomers  would  bind  better  as  Watson-Crick  complements,  displacing  this 
structure.  However,  we  noted  that  binding  of  probes  to  these  sequences  appeared  to  be  weak,  even  when 
DNA  modifications  known  to  increase  affinity  were  used.  This  suggests  that  the  internal  folding  of 
telomere  sequences  may  be  stronger  than  commonly  thought. 
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Future  experiments  with  this  aim  might  benefit  from  molecular  strategies  that  could  prevent  self¬ 
association  of  the  excimer-forming  dyes,  and  from  use  of  even  tighter-binding  DNA  modifications. 

AIM  3:  Study  of  novel  polyfluorophore  sensors. 

Our  long-term  goal  in  this  Aim  was  to  take  advantage  of  the  fact  that  DNA-like  oligomers  of 
fluorophores  act  cooperatively  to  yield  new  fluorescence  properties  as  an  interacting  electronic  unit. 
Thus,  changing  the  environment  of  some  of  these  oligomers  might  yield  substantial  changes  in 
fluorescence,  depending  on  the  specific  natural  of  the  interaction  of  the  monomeric  chromophores.  Our 
studies  in  this  area  were  quite  successful. 

In  the  first  test  of  sensing  by  oligomeric  fluorophores  built  on  a  DNA  backbone,  we  studied  the 
response  of  a  large  library  of  tetramers  (nearly  15,000  molecules)  to  light  exposure.  Our  strategy  for 
identifying  sensors  that  respond  to  a  stimulus  is  to  use  digital  images  of  the  library  before  and  after  the 
stimulus  to  compare  changes  in  individual  beads.  We  found  that  some  members  of  the  library  responded 
in  very  different  ways  to  UV  light  exposure.  For  example,  some  of  the  molecules  were  resistant  to 
photobleaching,  which  is  a  useful  property  of  dyes  that  could  be  applied  to  biological  studies.  This  early 
observation  will  be  pursued  in  future  studies. 

Remarkably,  we  also  found  that  some  dyes  were  extremely  sensitive 
to  light  exposure,  losing  their  original  emission  in  minutes  to  seconds  under 
a  standard  mercury  lamp  on  the  microscope  (see  figure  at  right).  When  we 
identified,  synthesized,  and  re-studied  these  individual  cases,  we  found  that 
many  of  them  did  not  simply  photobleach,  which  implies  photostimulated 
reaction  with  oxygen  to  destroy  the  fluorescence  altogether.  Instead,  we 
found  that  these  unusual  molecules  changed  color:  from  red  to  blue,  green 
to  blue,  and  other  changes.  Thus  these  molecules  can  act  as  quite  sensitive 
reporters  of  light  exposure.  Such  reporters  could  be  applied  to  biological 
systems  in  many  different  ways.  One  example  is  the  real-time  imaging  of 
movements  and  diffusion  of  local  molecules  in  a  specimen. 

In  a  new  extension  of  this  Aim,  we  reported  on  the  design  and 
synthesis  of  fluorescent  DNA  base  replacements  that  bind  and  sense  metal 
ions.  Two  pyridoimidazole  ligands  designed  to  bind  metals  having  affinity 
for  nitrogen  were  prepared.  In  a  recently  published  study,  the  monomer 
nucleosides  of  these  compounds  were  shown  to  be  fluorescent,  and  to 
change  fluorescence  in  the  presence  of  metal  ions.  Changes  observed  include  quenching  of  emission, 
enhancement  of  emission,  and  shifts  in  wavelength  of  emission,  depending  on  the  metal  ion.  We  expect 


Two  examples  of  color-  changing  sensors 
of  light  exposure.  At  left  is  before 
exposure,  at  right,  after  exposure. 
Molecules  are  DNA-like  tetramers  of 
fluorophores,  having  specific  sequences 
that  were  identified  from  a  14,000 
member  library. 
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that  in  the  future,  oligomers  containing  such  species  might  act  as  diverse  sensors  of  many  different  metal 
ions  in  solution. 


Additional  results  derived  from  multi-fluorophore  studies 

Our  research  on  multi-labeled  modified  DNAs  yielded  useful  information  in  several  applications  of 
sensing.  One  of  these  not  explicitly  included  in  the  above  aims  was  detection  of  RNAs  in  living  cells. 
We  developed  probes  that  contained  one  quencher  and  up  to  two  other  fluorophores,  and  used  them  as 
color-changing  indicators  of  ribosomal  RNAs,  and  later  of  messenger  RNAs,  in  cellular  systems.  The 
probes  were  exceedingly  simple  to  use,  requiring  only  1-2  h  of  incubation  with  the  cells,  followed  by 
analysis  of  the  results.  This  analysis  involved  only  looking  at  them  under  the  microscope,  or  automated 
analysis  by  flow  cytometry.  This  work  was  assisted  by  knowledge  and  support  from  the  ARO-funded 
research,  and  a  number  of  published  papers  acknowledged  this.  This  research  could  have  direct 
application  in  sensors  of  pathogenic  agents. 
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KEY  RESEARCH  ACCOMPLISHMENTS,  2003-2006 


•  We  characterized  an  enzyme  that  can  synthesize  nonnatural  fluorescent  DNA-like  oligomers. 
These  oligomer  tags  are  added  to  the  ends  of  natural  DNAs  by  this  enzyme,  resulting  in  bright 
excimer  fluorescence,  yielding  a  color  change  in  solution. 

•We  observed  multiple  classes  of  energy  transfer  in  fluorescent  oligomers,  and  characterized 
properties  (such  as  enhanced  brightness  and  large  stokes  shifts)  that  are  not  available  in 
commercial  fluorescent  labels. 

•  We  discovered  DNA-like  fluorescent  oligomers  that  can  act  as  sensors  of  light  exposure. 

•We  developed  new  nucleoside  compounds  that  can  act  as  fluorescent  sensors  of  metal  ions. 

•  We  developed  new  classes  of  multi-labeled  DNA  probes  that  can  detect  and  identify  RNA 
sequences  in  living  bacteria,  including  pathogenic  strains. 
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Assembled  on  a  DNA  Backbone 

Younjin  Cho  and  EricT.  Kool*[a] 


A  number  of  research  laboratories  have  investigated  the  proper¬ 
ties  of  multichromophore  molecules  and  their  applications  in  ma¬ 
terials  science  and  in  biotechnology.  Previous  approaches  for  pre¬ 
paring  such  molecules  have  involved  traditional  organic  synthe¬ 
sis.  Here  we  describe  the  one-step  enzymatic  synthesis  of  such  a 
multichromophore  species  by  using  a  DNA-polymerizing  enzyme 
(terminal  deoxynucleotidyl  transferase  (TdT)).  \Ne  find  that  a  nu- 
cleotide-like  molecule  with  pyrene  replacing  the  DNA  base  (dPTP) 
can  be  accepted  as  a  substrate  for  this  enzyme  to  produce  dis¬ 
crete  chromophores  that  have  3  or  4  pyrenes  consecutively,  de¬ 
pending  on  which  anomer  (a  or  j3)  is  used.  Products  were  char¬ 


acterized  by  gel  electrophoresis,  mass  spectrometry,  and  fluores¬ 
cence.  The  reaction  was  found  to  change  the  fluorescence  emis¬ 
sion  of  the  chromophore  from  a  maximum  at  375  nm  (the  mo¬ 
nomer  nucleotide)  to  490  nm  in  the  oligomeric  product.  This  new 
green-white  emission  is  consistent  with  the  formation  of  a 
pyrene  excimer  between  adjacent  pyrene  glycosides,  which  exhib¬ 
it  a  large  Stokes  shift  of  130  nm.  The  enzymatic  synthesis  of  the 
pyrene  excimer  might  have  applications  in  homogeneous  biologi¬ 
cal  assays  for  DNA  fragments,  such  as  those  that  arise  during 
apoptosis. 


Introduction 

Recent  studies  have  shown  that  molecular  assemblies  of  multi¬ 
ple  chromophores  can  be  useful  in  light-harvesting  and 
energy-transfer  applications,  and  in  amplifying  signals  in  bio¬ 
logical  sensing.  Examples  of  scaffolds  for  bringing  together 
multiple  light-absorbing  and  -emitting  species  include  den- 
drimers,111  peptide  backbones,121  hydrocarbon  frameworks,131  or¬ 
ganic  polymer  backbones,141  and  DNA.151  In  the  last  category, 
we  have  prepared  DNA-like  oligomers  in  which  DNA  bases  are 
replaced  by  fluorescent  chromophores.153,15'61  Because  of  their 
closely  stacked  structures,  these  DNA-like  species  display  multi¬ 
ple  energy-transfer  modes  such  as  excimers,  exciplexes,  and 
fluorescence  resonance  energy  transfer.1531  Such  multichromo- 
phoric  species  might  have  useful  applications  in  molecular  de¬ 
tection  and  in  sensing;  for  example,  a  recent  report  described 
a  combinatorial  library  of  tetrameric  fluorophores,  and  identi¬ 
fied  molecules  in  the  library  that  could  sense  light  exposure, 
resulting  in  discrete  color  changes.15151 

Although  the  various  classes  of  chromophore  assemblies 
have  shown  promising  properties,  to  date  all  of  them  have 
been  prepared  by  classical  organic  synthesis  methods.  We  en¬ 
visioned  that  an  alternative  approach  to  the  preparation  of 
such  species — namely,  enzymatic  synthesis-might  be  possible, 
especially  for  those  assemblies  that  rely  on  natural  backbone 
structure.  Enzymatic  synthesis  offers  a  number  of  possible  ad¬ 
vantages,  including  mild  conditions,  high  yields  for  multiple 
steps,  applicability  on  small  biological  scales,  and  ease  of  appli¬ 
cation  in  biomedical  laboratories.  Here  we  describe  the  use  of 
a  template-independent  DNA  polymerase  for  the  synthesis  of 
oligomeric  pyrene  assemblies  using  the  DNA  backbone. 


Results 

Terminal  deoxynucleotidyl  transferase  (TdT;  EC  2.7.7.31)  is  a 
template-independent  X-family  DNA  polymerase  that  catalyzes 
the  random  addition  of  nucleotides  to  the  3'-hydroxyl  group 
of  a  DNA  strand.171  Its  biological  role  is  to  increase  the  diversity 
of  the  immune  repertoire  by  adding  random  nucleotides, 
called  N  regions,  at  gene  segment  junctions  during  V(D)J  re¬ 
combination.18,91  TdT  is  useful  for  labeling  the  3'-end  of  DNA, 
usually  employing  radiolabeled  natural  nucleotides  or  modified 
uridine  nucleotides  conjugated  with  fluorescein  or  other  re¬ 
porter  groups.1101 

We  employed  considerably  larger  and  non-natural  pyrene 
deoxyribosides1111  in  our  enzymatic  studies  (Scheme  1).  Previous 
experiments  have  shown  that  T7  and  Kf  DNA  polymerases 
could  accept  the  |3  anomer  of  this  unusual  nucleotide  ana¬ 
logue  ((3-dPTP)  as  a  substrate,  but  they  only  incorporated  a 
single  monomer,  probably  in  part  because  of  unfavorable 
enzyme  interactions  with  the  DNA  template.1121  However,  TdT 
does  not  require  a  template  strand  to  polymerize  DNA.171  Thus 
we  hypothesized  that  it  might  be  possible  to  incorporate  more 
than  one  pyrene  nucleotide  successively  by  using  TdT,  as  there 
might  be  fewer  hydrogen-bonding  requirements  in  the 
enzyme  or  distortion  of  DNA  duplex  structure  to  consider. 
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Both  anomers  of  pyrene  deoxyriboside  were  prepared  as  de¬ 
scribed  previously.111,131  Ludwig's  procedure  was  then  used  to 
convert  both  a  and  |3  anomers  of  the  pyrene  nucleoside  to  the 
5'-triphosphate  derivatives.1123-141  The  a  anomer  triphosphate 
derivative  was  previously  unknown.  We  chose  to  test  both 
anomers  because  there  were  previous  literature  reports  in 
which  a  anomers  of  natural  nucleosides  and  their  analogues 
showed  different  substrate  activities  from  (3  isomers  with  DNA 
polymerases.1151  Fluorescence  spectra  in  water  revealed  that 
the  monomeric  nucleotides  have  similar  fluorescence  charac¬ 
teristics  to  pyrene,  emitting  blue  fluorescence  (emission  maxi- 
mum  =  375  nm  with  excitation  at  345  nm;  Figure  SI,  Support¬ 
ing  Information)  with  a  quantum  yield  of  0.25  for  a-dPTP  and 
0.34  for  p-dPTP. 

Using  the  homooctamer  of  thymidine  (dT8)  as  a  primer,  we 
studied  pyrene  nucleotide  incorporation  into  DNA  by 
TdT,  monitoring  extension  products  by  gel  electro¬ 
phoresis.  The  results  showed  that  both  |3-dPTP  and  A) 
the  previously  unknown  (and  more  unnaturally  con¬ 
figured)  a-dPTP  acted  as  substrates  of  TdT,  and  multi¬ 
ple  pyrene  nucleotides  could  be  inserted  (Figure  1). 
Interestingly,  there  was  a  limit  to  the  number  of 
pyrene  residues  incorporated  consecutively.  TdT 
stopped  after  three  pyrene  nucleotides  were  added 
for  the  a  anomer  of  dPTP  or  four  for  the  p  anomer 
(Figure  1).  Additional  quantities  of  enzymes  and  nu¬ 
cleotides  did  not  yield  further  extension  (Figure  S2, 
Supporting  Information).  Thus,  unlike  TdT  extension 
with  natural  thymidine  triphosphate  (and  its  conju¬ 
gates),  in  which  a  broad  range  of  polymeric  products 
is  produced,  the  oligomeric  pyrene  extension  pro¬ 
duced  discrete  products.  In  the  optimum  case,  p- 
dPTP  produced  a  tetrameric  adduct  as  the  dominant 
product  (Figure  1  A,  lane  17).  Products  were  charac¬ 
terized  by  MALDI-mass  spectrometry,  which  showed 
the  addition  of  the  mass  of  three  and  four  pyrenes  to 
the  dT8  primer  (Figure  S3,  Supporting  Information). 

The  pyrene-elongated  products  were  purified  by  size- 


exclusion  chromatography  and  HPLC.  Analysis  of  the  enzymat¬ 
ic  reaction  product  showed  clear  evidence  of  green-white  ex- 
cimer  emission  from  the  p-pyrene  oligomers  with  long-wave¬ 
length  UV  excitation  (Figure  2),  as  was  also  observed  with  au¬ 
thentic  material  prepared  previously  by  total  synthesis  (Fig¬ 
ure  S4,  Supporting  Information).  The  a-pyrene  oligomers  have 
recently  been  shown  to  give  very  similar  excimer  emission.1181 
The  difference  in  color  and  intensity  between  the  oligomeric 
product  and  the  starting  monomer  at  the  same  concentration 
is  clearly  visible  to  the  eye  (Figure  2  A).  To  test  whether  the  ex¬ 
tended  products  could  act  as  substrates  for  further  extension, 
additional  dPTP  and  additional  enzyme  were  added  after  the 
original  1  h  incubation.  Flowever,  no  further  dNTP  extension 
occurred  after  the  pyrene  insertion  (Figure  S2);  this  suggests 
that  some  structural  or  physical  property  of  the  oligomeric 
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Scheme  1.  Structures  of  the  a  and  p  pyrene  nucleoside  triphos¬ 
phates. 
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Figure  1.  Autoradiograms  of  polyacrylamide  gels  showing  TdT  insertion  of  pyrene 
nucleoside  triphosphate  into  DNA  primers.  A)  Concentration  dependence  study  of 
dPTP  incorporation  by  TdT.  Lane  1:  10  bp  size  marker,  lane  2:  primer  only,  lanes  3- 
11:  TdT  reaction  with  increasing  concentrations  (2.5-640  (im)  of  a-dPTP,  lanes  12- 
20:  TdT  reaction  with  increasing  concentrations  (2.5-640  |im)  of  p-dPTP.  B)  Time 
course  of  dPTP  incorporation  by  TdT.  Lanes  1  and  23:  10  bp  size  marker,  lanes  2 
and  12:  primer  only,  lanes  3-11:  TdT  reaction  with  a-dPTP  with  increasing  incuba¬ 
tion  time  (10  s-50  min),  lanes  13-21:  TdT  reaction  with  p-dPTP  with  increasing  in¬ 
cubation  time  (10  s-50  min),  lane  22:  primer  with  TdT  (control). 
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Figure  2.  Fluorescence  of  the  purified  TdT  reaction  product  with  fi-dPTP. 

A)  Comparison  of  the  bright  greenish-blue  fluorescence  of  the  single-strand¬ 
ed  TdT  reaction  product  to  the  violet  fluorescence  of  (vdPTP  under  UV  exci¬ 
tation.  B)  Normalized  emission  spectra  of  the  TdT  reaction  product  (green) 
and  [5-dPTP  (blue)  in  water  (excitation  at  345  nm). 


pyrene  tails  causes  them  to  cease  as  substrates  once  they  are 
elongated  to  their  characteristic  lengths. 


Discussion 

In  the  large  majority  of  literature  reports,  TdT  is  used  with  nat¬ 
ural  nucleotides  or  natural  nucleotides  conjugated  with  fluoro- 
phores,  such  as  fluorescein-dUTP,  to  produce  polymeric 
tails.[10a]  Only  one  previous  example  is  known  of  a  non-natural 
nucleobase  substrate  for  TdT,  5-nitroindole  nucleotide,1 1,031 
which  was  studied  as  a  monomer  for  antibody  tagging.1161  With 
TdT,  5-nitroindole  nucleotide  was  incorporated  in  a  broad 
range  of  lengths,  with  7  to  >100  monomers  being  incorpora- 
ted.[,0aI  No  fluorescence  studies  were  reported.  Presumably  the 
production  of  only  short,  discrete  products  in  the  present 
study  is  a  result  of  the  larger,  more  hydrophobic  and  less  natu¬ 
ral  structure  of  the  pyrene  nucleotides.  Regardless  of  the 
reason,  this  makes  it  possible  to  easily  generate  relatively  ho¬ 
mogeneous  excimer  labels  without  risk  of  over-extension  by 
too-long  incubation.  In  this  regard,  the  short,  defined  nature  of 
the  tri-  or  tetrapyrene  tags  is  a  useful  outcome,  rendering  the 
products  more  chemically  homogeneous  and  easier  to  purify, 
and  keeping  them  well  soluble  in  aqueous  solution. 


To  our  knowledge,  this  is  the  first  example  of  excimer  forma¬ 
tion  by  an  enzymatic  reaction.  Pyrene  excimer  has  been  stud¬ 
ied  in  the  context  of  DNA  by  several  laboratories.1171  It  has  po¬ 
tential  advantages  as  a  fluorescent  reporter  over  fluorescein, 
one  of  the  most  commonly  used  commercial  fluorophores  in 
TdT  labeling.  Pyrene  excimer  exhibits  incremental  emission  in¬ 
tensity  increases  with  the  number  of  pyrene  residues;  this 
leads  to  improvement  in  the  detection  sensitivity,  whereas 
fluorescein  is  self-quenched  with  multiple  adjacent  DNA  substi¬ 
tutions.1181  Moreover,  pyrene  excimer  has  a  large  Stokes  shift  of 
130  nm,  compared  to  about  20  nm  for  fluorescein.  This  large 
separation  between  excitation  and  emission  further  increases 
sensitivity,  by  avoiding  interference  from  the  excitation  light 
source.  Significantly,  there  is  a  large  color  change  from  violet 
to  green  on  oligomerization  of  pyrene  monomers;  this  sug¬ 
gests  the  possibility  of  homogeneous  labeling  and  assays  that 
would  not  be  possible  with  fluorescein.  The  results  also  sug¬ 
gest  the  possible  use  of  oligomeric  chromophores  such  as  tet¬ 
rapyrene  for  in  situ  assays  with  TdT  such  as  TUNEL  (TdT-medi- 
ated  dllTP  Nick-End  Labeling)  assays  for  apoptosis,1191  and  a 
biochemical  TdT  activity  assay  for  leukemia  diagnosis.1201 

Our  study  has  demonstrated  that  multiple  pyrene  residues 
can  be  incorporated  into  DNA  by  TdT,  by  using  both  a  and  |3 
anomers  of  a  non-natural  pyrene  deoxyriboside.  The  surprising 
acceptance  of  these  large,  non-natural  nucleotides  as  polymeri¬ 
zation  substrates  suggests  the  possibility  of  other  designed 
species  being  accepted  as  well.  Future  work  will  be  aimed  at 
testing  other  unusual  substrates,  and  at  developing  applica¬ 
tions  of  excimer  fluorescence  that  results  from  such  polychro- 
mophoric  systems. 


Experimental  Section 

Standard  conditions  for  TdT  insertion  of  pyrene  nucleoside  tri¬ 
phosphate  into  DNA  primers:  Primers  were  5'-end-labeled  with 
[y-32P]ATP  and  T4  polynucleotide  kinase  and  purified  by  using  Mi- 
croSpin™  G-25  columns  (Amersham  Bioscience).  Insertion  reactions 
were  carried  out  in  the  presence  of  Tris-acetate  (pH  7.9,  final  con¬ 
centration  20  mM),  potassium  acetate  (50  mM),  magnesium  acetate 
(10  mM),  CoCI2  (0.25  mM),  and  dithiothreitol  (1  mM).  An  aliquot  of 
labeled  primer  (4  pmol)  was  mixed  with  TdT  (recombinant;  New 
England  Biolabs;  25  units),  and  the  solution  was  incubated  for 
2  min  at  37°C.  Reactions  were  initiated  by  adding  the  primer/ 
enzyme  cocktail  (10  pL)  to  an  equal  volume  of  a  dPTP  or  dNTP  so¬ 
lution  (200  pmol).  The  reactions  were  run  for  1  h  at  37  °C  and  then 
quenched  by  being  heated  to  90  °C  for  5  min.  For  the  concentra¬ 
tion-dependence  studies,  the  preincubated  primer/enzyme  cocktail 
was  mixed  with  various  concentrations  of  dPTP  (2.5-640  pM).  For 
the  time-course  studies,  the  reactions  were  quenched  after  the 
designated  time  (10s-50min).  Reaction  products  were  resolved 
from  unreacted  primer  by  electrophoresis  on  20%  denaturing 
polyacrylamide  gels  and  visualized  by  autoradiography. 

Purification  and  characterization  of  products:  The  reactions  were 
run  under  the  standard  conditions  for  TdT  elongation,  except  that 
unlabeled  primer  and  a  larger  amount  of  (3-dPTP  (400  pmol)  were 
used.  The  pyrene-elongated  products  were  separated  from  the  un¬ 
incorporated  (3-dPTP  and  primer  by  size-exclusion  chromatography 
with  Sephadex  G-25  (NAP™-25  column,  Amersham  Bioscience)  and 
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HPLC  (reversed-phase).  The  appropriate  fractions  were  collected 
and  analyzed. 

Characterization  of  a-dPTP:  a-Pyrene  nucleoside  triphosphate 
was  prepared  as  previously  described  for  the  |3  isomer.[11,12al  The 
phosphorus  NMR  spectrum  of  a-dPTP  in  D20  containing  Tris-HCI 
(pH  7.5,  50  uim)  and  EDTA  (2  itim)  matched  a  previously  published 
spectrum  of  (3-dPTP,  displaying  a  doublet  at  9  ppm  (a-phosphate), 
a  doublet  at  14  ppm  (y-phosphate),  and  a  triplet  at  25  ppm  ((3- 
phosphate).[,2al  Electrospray  mass  spectrometry  analysis  of  dPTP 
gave  the  expected  mass  (calcd  for  parent  ion:  557.31;  found:  557.1 
[M]+).  The  concentration  of  a-dPTP  was  calculated  by  using  the 
extinction  coefficient  determined  for  1-pyrenemethylamine  hydro¬ 
chloride  at  276  nm  in  water. 

Fluorescence  methods:  Fluorescence  spectra  were  recorded  on  a 
Spex-Fluorolog-3  series  fluorometer.  The  fluorescence  measure¬ 
ments  were  taken  in  the  right-angle  mode  on  solutions  in  deion¬ 
ized  water.  The  emission  spectra  were  collected  by  using  an  excita¬ 
tion  wavelength  of  345  nm,  and  the  excitation  spectra  were  moni¬ 
tored  at  375  nm.  The  excitation  and  emission  slits  were  set  to 
3  nm.  The  spectra  were  normalized  to  have  the  same  fluorescence 
intensity  at  their  maximum  wavelengths.  Quantum  yields  were 
measured  with  fluorescein  in  NaOH  solution  (0.1  n)  as  a  standard. 
The  fluorescence  image  of  the  purified  TdT  reaction  product  and 
the  |3-dPTP  monomers  were  taken  while  the  solutions  were  illumi¬ 
nated  with  a  365  nm  transilluminator. 

Acknowledgements 

l/l/e  thank  the  National  Institutes  of  Health  (GM067201)  and  the 
US.  Army  Research  Office  for  support. 

Keywords:  apoptosis  ■  excimers  •  fluorescent  probes  •  pyrene  • 
TUNEL 

[1]  a)  P.  Furuta,  J.  Brooks,  M.  E.  Thompson,  J.  M.  Frechet,  J.  Am.  Chem.  Soc. 
2003,  725,  13165-13172;  b)  K.  R.  Justin  Thomas,  A.  L.  Thompson,  A.  V. 
Sivakumar,  C.  J.  Bardeen,  S.  Thayumanavan,  J.  Am.  Chem.  Soc.  2005,  727, 
373-383;  c)  M.  Cotlet,  R.  Gronheid,  S.  Habuchi,  A.  Stefan,  A.  Barbafina, 
K.  Mullen,  J.  Hofkens,  F.  C.  De  Schryver,  J.  Am.  Chem.  Soc.  2003,  725, 
13609-13617. 

[2]  a)  M.  A.  Hossain,  H.  Mihara,  A.  Ueno,  J.  Am.  Chem.  Soc.  2003,  725, 
11178-11179;  b)W.  G.  McGimpsey,  L.  Chen,  R.  Carraway,  W.  M.  Sama- 
niego,  J.  Phys.  Chem.  A  1999,  103,  6082-6090. 

[3]  a)  Y.  Nakahara,  T.  Kida,  Y.  Nakatsuji,  M.  Akashi,  J.  Org.  Chem.  2004,  69, 
4403-4411;  b)  R.  Metivier,  I.  Leray,  B.  Valeur,  Chem.  Eur.  J.  2004,  70, 
4480-4490. 

[4]  a)  J.  Hernando,  P.  A.  J.  de  Witte,  E.  M.  H.P  van  Dijk,  J.  Korterik,  R.  J.  M. 
Nolte,  A.  E.  Rowan,  M.  F.  Garcia-Parajo,  N.  F.  van  Hulst,  Angew.  Chem. 


20  04,  776,  4137  -  4141;  Angew.  Chem.  Int.  Ed.  2004,  43,  4045-4049; 
b)  K.-Y.  Peng,  S.-A.  Chen,  W.-S.  Fann,  J.  Am.  Chem.  Soc.  2001,  123, 
11  388-11  397;  c)K.T.  Nielsen,  H.  Spanggaard,  F.  C.  Krebs,  Macromole¬ 
cules  2005,  38,  1180-1189. 

[5]  a)  J.  Gao,  C.  Strassler,  D.  Tahmassebi,  E.  T.  Kool,  J.  Am.  Chem.  Soc.  2002, 
124,  11  590-11  591;  b)  J.  Gao,  S.  Watanabe,  E.  T.  Kool,  J.  Am.  Chem.  Soc. 
2004,  726,  12748-12749;  c)  A.  K.  Tong,  Z.  Li,  G.  S.  Jones,  J.  J.  Russo,  J. 
Ju,  Nat.  Biotechnol.  2001,  79,  756-759. 

[6]  E.  T.  Kool,  Acc.  Chem.  Res.  2002,  35,  936-943. 

[7]  a)J.-B.  Boule,  E.  Johnson,  F.  Rougeon,  C.  Papanicolaou,  Mol.  Biotechnol. 
1998,  10,  199-208;  b)  A.  J.  Rattray,  J.  N.  Strathern,  Annu.  Rev.  Genet. 
2003,  37,  31-66. 

[8]  T.  Komori,  A.  Okada,  V.  Stewart,  F.  W.  Alt,  Science  1993,  267,  1171-1175. 

[9]  N.  Sukumar,  J.  B.  Boule,  N.  Expert-Bezan^on,  N.  Jourdan,  J.  Lescar,  F. 
Rougeon,  C.  Papanicolaou,  M.  Delarue,  Acta  Crystallogr.  Sect.  D  Biol. 
Crystallogr.  2000,  56,  1662-1664. 

[10]  a)  C.  L.  Smith,  A.  C.  Simmonds,  A.  L.  Hamilton,  D.  L.  Martin,  A.  G.  Lash- 
ford,  D.  Loakes,  F.  Hill,  D.  M.  Brown,  Nucleosides  Nucleotides  1998,  77, 
555-564;  b)  G.  G.  Schmitz,  T.  Walter,  R.  Seibl,  C.  Kessler,  Anal.  Biochem. 
1991,  792,  222-231;  c)  A.  Kumar,  P.  Tchen,  F.  Roullet,  J.  Cohen,  Anal.  Bio¬ 
chem.  1988,  769,  376-382. 

[11]  R.  X.-F.  Ren,  N.  C.  Chaudhuri,  P.  L.  Paris,  S.  Rumney  IV,  E.  T.  Kool,  J.  Am. 
Chem.  Soc.  1996,  118,  7671  -7678. 

[12]  a)  T.  J.  Matray,  E.  T.  Kool,  Nature  1999,  399,  704-708;  b)  L.  Sun,  M.  Wang, 
E.  T.  Kool,  J.-S.  Taylor,  Biochemistry  2000,  39,  14603-14610;  c)  H. 
Hwang,  J.-S.  Taylor,  Biochemistry  2004,  43,  14612-14623. 

[13]  Y.  L.  Jiang,  J.  T.  Stivers,  Tetrahedron  Lett.  2003,  44,  85-88. 

[14]  K.  Burgess,  D.  Cook,  Chem.  Rev.  2000,  100,  2047-2059. 

[15]  a)  D.  G.  Semizarov,  A.  A.  Arzumanov,  N.  B.  Dyatkina,  A.  Meyer,  S.  Vichier- 
Guerre,  G.  Gosselin,  B.  Rayner,  J.-L.  Imbach,  A.  A.  Krayevsky,  J.  Biol. 
Chem.  1997,  272,  9556-9560;  b)  D.  G.  Semizarov,  L.  S.  Victorova,  N.  B. 
Dyatkina,  M.  von  Janta-Lipinsky,  A.  A.  Krayevsky,  FEBS  Lett.  1994,  354, 
187-190. 

[16]  D.  Loakes,  Nucleic  Acids  Res.  2001,  29,  2437-2447. 

[17]  a)  P.  L.  Paris,  J.  M.  Langenhan,  E.  T.  Kool,  Nucleic  Acids  Res.  1998,  26, 
3789-3793;  b)  A.  Mahara,  R.  Iwase,  T.  Sakamoto,  K.  Yamana,  T.  Yamaoka, 

A.  Murakami,  Angew.  Chem.  2002,  114,  3800-3802;  Angew.  Chem.  Int. 
Ed.  2002,  41,  3648-3650;  c)  K.  Fujimoto,  H.  Shimizu,  M.  Inouye,  J.  Org. 
Chem.  2004,  69,  3271-3275;  d)  S.  M.  Langenegger,  R.  Haner,  Chem. 
Commun.  2004,  2792-2793;  e)A.  Okamoto,  Y.  Ochi,  I.  Saito,  Chem. 
Commun.  2005,  1128-1130;  f)  M.  Nakamura,  Y.  Ohtoshi,  K.  Yamana, 
Chem.  Commun.  2005,  5163-5165. 

[18]  A.  Cuppoletti,  Y.  Cho,  J.-S.  Park,  C.  Strassler,  E.  T.  Kool,  Bioconjugate 
Chem.  2005,  76,  528-534. 

[19]  a)Y.  Gavrieli,  Y.  Sherman,  S.  A.  Ben-Sasson,  J.  Cell.  Biochem.  1992,  779, 
493-501;  b)  X.  Li,  F.  Traganos,  M.  R.  Melamed,  Z.  Darzynkiewicz,  Cytome¬ 
try  1995,  20,  172-180. 

[20]  a)  M.  J.  Modak,  R.  Mertelsmann,  B.  Koziner,  R.  Pahwa,  M.  A.  S.  Moore, 

B.  D.  Clarkson,  R.  A.  Good,  J.  Cancer  Res.  Clin.  Oncol.  1980,  98,  91  -104; 
b)  R.  Sasaki,  M.  Fukushima,  Y.  Miura,  L.  M.  S.  Chang,  F.  J.  Bollum,  Leuke¬ 
mia  1996,  10,  1377-1382. 


Received:  December  4,  2005 
Published  online  on  February  27,  2006 


672 


www.chembiochem.org 


©  2006  Wiley-VCH  Verlag  GmbH&Co.  KGaA,  Weinheim 


ChemBioChem  2006,  7,  669-672 


J|A|C|S 

ARTICLES 

Published  on  Web  04/1 2/2006 

Sensing  Metal  Ions  with  DNA  Building  Blocks:  Fluorescent 
Pyridobenzimidazole  Nucleosides 

Su  Jeong  Kim  and  Eric  T.  Kool* 

Contribution  from  the  Department  of  Chemistry,  Stanford  University, 

Stanford,  California  94305-5080 

Received  December  1,  2005;  E-mail:  kool@stanford.edu 


Abstract:  We  describe  novel  fluorescent  A/-deoxyribosides  (1  and  2)  having  2-pyrido-2-benzimidazole  and 
2-quino-2-benzimidazole  as  aglycones.  The  compounds  were  prepared  from  the  previously  unknown 
heterocyclic  precursors  and  Hoffer's  chlorosugar,  yielding  alpha  anomers  as  the  chief  products.  X-ray  crystal 
structures  confirmed  the  geometry  and  showed  that  the  pyridine  and  benzimidazole  ring  systems  deviated 
from  coplanarity  in  the  solid  state  by  154°  and  140°,  respectively.  In  methanol  compounds  1  and  2  had 
absorption  maxima  at  360  and  370  nm,  respectively,  and  emission  maxima  at  494  and  539  nm.  Experiments 
revealed  varied  fluorescence  responses  of  the  nucleosides  to  a  panel  of  17  monovalent,  divalent,  and 
trivalent  metal  ions  in  methanol.  One  or  both  of  the  nucleosides  showed  significant  changes  with  10  of  the 
metal  ions.  The  most  pronounced  spectral  changes  for  ligand-nucleoside  1  included  red  shifts  in 
fluorescence  (Au+,  Au3+),  strong  quenching  (Cu2+,  Ni2+,  Pt2+),  and  substantial  enhancements  in  emission 
intensity  coupled  with  red  shifts  (Ag+,  Cd2+,  Zn2+).  The  greatest  spectral  changes  for  ligand-nucleoside  2 
included  a  red  shift  in  fluorescence  (Ag+),  a  blue  shift  (Cd2+),  strong  quenching  (Pd2+,  Pt2+),  and  substantial 
enhancements  in  emission  intensity  coupled  with  a  blue  shift  (Zn2+).  The  compounds  could  be  readily 
incorporated  into  oligodeoxynucleotides,  where  an  initial  study  revealed  that  they  retained  sensitivity  to 
metal  ions  in  aqueous  solution  and  demonstrated  possible  cooperative  sensing  behavior  with  several  ions. 
The  two  free  nucleosides  alone  can  act  as  differential  sensors  for  multiple  metal  ions,  and  they  are  potentially 
useful  monomers  for  contributing  metal  ion  sensing  capability  to  DNAs. 


Introduction 

Although  in  nature  DNA  acts  primarily  as  a  storehouse  of 
genetic  information,  recent  studies  have  been  aimed  at  endowing 
new  properties  on  this  genetic  molecule.  Among  these  properties 
is  the  ability  to  act  as  a  sensor  of  physical  conditions  or 
molecular  species.  Because  DNA  has  the  innate  ability  to 
recognize  other  nucleic  acids,  many  studies  have  reported  on 
the  use  of  modified  DNAs  as  sensors  of  RNA  and  DNA.la_n 
However,  DNA  (especially  in  the  single-stranded  form)  can  fold 
into  diverse  structures  that  allow  for  recognition  of  varied  types 
of  molecules, 2a_e  and  many  changes  can  be  made  to  add 
functional  groups  of  DNA  to  increase  chemical  diversity 
further.3a_d  As  a  result,  an  increasing  number  of  studies  have 
focused  on  the  use  of  modified  DNA  in  detection  of  other 
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species,  such  as  peptides,2 3 4 5 6  proteins, 5a>b  and  small  molecules,6a_c 
and  sensing  physical  changes,  such  as  pH7  and  light.8 9  Few 
experiments  have  been  aimed  at  sensing  metal  ions  with  DNAs 
as  well.9a_d  The  properties  of  DNA  as  a  sensor  offer  a  number 
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of  advantages  in  application  over  other  organic  scaffolds;  among 
these  are  water  solubility,  ease  of  synthesis  (including  automated 
methods),  and  predictable  assembly  and  recognition  properties. 

As  part  of  a  larger  program  aimed  at  development  of  water- 
soluble,  diverse  fluorescent  species,  we  adopted  a  strategy  of 
replacing  DNA  bases  with  varied  fluorescent  groups. 10a-d  We 
considered  the  possibility  that  adding  metal  ligand  functionality 
to  fluorescent  systems  might  render  such  species  able  to 
recognize  and  report  on  metal  ions  in  solution.  In  this  regard, 
a  number  of  laboratories  have  recently  described  deoxyribosides 
with  metal  ligands  as  replacements  for  nucleobases,Ua_h  but 
these  were  designed  for  cross-linking  nucleic  acid  strands,  and 
use  in  ion  detection  was  not  reported. 

Here  we  report  on  two  new  nucleosides  in  which  the 
nucleobase  is  replaced  by  pyridobenzimidazoles  that  are  de¬ 
signed  to  act  as  metal  ligands.  Their  preparation,  structure,  and 
optical  properties  are  described.  The  nucleosides  are  fluorescent 
and  were  found  to  be  sensitive  to  the  presence  of  12  different 
metal  ions,  displaying  significant  changes  in  their  emission 
spectra,  both  as  free  nucleosides  and  in  the  context  of  DNA. 
The  compounds  are  expected  to  be  useful  in  lending  sensing 
properties  to  DNA. 

Results 

Nucleoside  Design  and  Synthesis.  Compounds  1  and  2  are 
bifunctional  and  possess  both  the  structure  of  a  DNA  building 
block  (i.e.,  deoxyribose)  and  structures  designed  to  bind  metals 
with  conjugated  systems  (Chart  1).  We  chose  these  pyrido-  (and 
related  quino-)  benzimidazole  heterocycles  (3  and  4),  both  of 
which  were  previously  unknown,  because  simple  pyridobenz¬ 
imidazoles  were  previously  known  as  ligands  for  metals,12 
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because  they  have  a  rotatable  bond  that  alters  conjugation,  and 
because  they  were  known  to  be  fluorescent.  We  added  a 
dimethylamino  group  to  the  benzimidazole  portion,  placing  this 
donor  in  conjugation  with  the  pyridine  ring  nitrogen.  Thus,  the 
act  of  chelating  a  metal  ion  might  be  expected  to  alter 
conjugation  by  changing  the  dihedral  angle  of  the  single  bond, 
which  would  alter  the  donation  by  the  amino  group.  In  addition, 
varied  metals  in  the  act  of  binding  the  ligand  could  also  further 
alter  the  electronic  states  of  the  conjugated  systems.  Thus,  we 
anticipated  the  possibility  that  these  somewhat  generic  nitrogen 
ligands  might  yield  diverse  signals  for  different  metal  ions  as  a 
result  of  these  variable  electronic  and  structural  factors. 

We  prepared  1  and  2  starting  with  commercial  5-chloro-2- 
nitroaniline  (Scheme  1).  The  chloride  was  displaced  by  N,N- 
dimethylamine.  Reduction  of  the  nitro  group  to  the  amine 
followed  by  subsequent  oxidative  condensation  with  pyridine 
2-carboxaldehyde  in  nitrobenzene  yielded  the  heterocycle  3  and 
with  quinoline  2-carboxaldehyde13  yielded  4.  These  were  reacted 
with  Hoffer’s  a-chlorosugar14  in  the  presence  of  sodium  hydride 
in  W-dimethylacetamide.  The  chief  products  were  assigned 
as  a-anomers  by  proton  NOE  measurements.  This  stereochem¬ 
ical  outcome  is  atypical  for  this  reaction;  we  hypothesize  that 
the  steric  bulk  of  the  2-aryl-benzimidazoles  was  better  accom¬ 
modated  from  the  a  face  of  the  bis-toluoyl  ester  intermediate, 
yielding  the  a  isomer  in  an  SnI  mechanism.  Although  there 
are  two  possible  benzimidazole  isomers  for  each  nucleoside, 
we  only  observed  the  isomers  in  which  the  dimethylamino  group 
is  closer  to  the  sugar;  the  origin  of  this  preference  is  not  yet 
clear  but  may  be  related  to  electron  donation  from  this  amino 
group  into  the  imidazole  ring.  The  ester  protecting  groups  were 
subsequently  removed  under  basic  conditions.  We  were  able  to 
obtain  single  crystals  of  the  free  nucleosides  1  and  2  by 
crystallization  from  chloroform/methanol/hexane  (Figure  1).  The 
X-ray  structures  confirmed  the  a-anomeric  geometry  and 
showed  that  the  pyridyl(quinolinyl)  and  benzimidazolyl  rings 
deviated  from  syn  coplanarity  in  the  solid  state  by  154°  and 
140°,  respectively.  This  apparent  near-anti  conformational 
preference  may  arise  from  avoidance  of  lone  pair  repulsions 
from  the  two  nitrogens  and/or  possible  steric  repulsion  of  the 
pyridine  protons  away  from  the  deoxyribose  substituent. 

Nucleoside  Optical  Properties.  We  examined  the  optical 
properties  of  the  free  nucleosides  in  solution.  They  were  poorly 
soluble  in  water  and  dissolved  in  methanol  and  ethyl  acetate 
for  the  measurements.  In  MeOH,  both  compounds  showed  small 
absorption  maxima  at  260  nm;  1  also  had  a  major  longer- 
wavelength  absorption  band  at  360  nm,  while  2  had  an 
absorption  at  370  nm  (Table  1  and  Supporting  Information). 
Emission  spectra  were  measured  with  excitation  at  the  long- 
wavelength  bands;  they  revealed  fluorescence  in  the  visible 
ranges  for  both  compounds  (Figure  2)  with  emission  maxima 
at  494  and  539  nm  for  1  and  2,  respectively.  Quantum  yields 
for  these  emission  bands  were  0.052  and  0.0085,  respectively. 
The  emission  maxima  in  methanol  were  red  shifted  relative  to 
the  corresponding  maxima  in  lower-polarity  ethyl  acetate 
solution  (464  and  520  nm,  respectively),  consistent  with 


(13)  (a)  Amendola,  V.;  Fabbrizzi,  L.;  Gianelli,  L.;  Maggi,  C.;  Mangano,  C.; 
Pallavicini,  P.;  Zema,  M.  Inorg.  Chem.  2001,  40,  3579—3587.  (b)  Spencer, 
D.  J.  E.;  Johnson,  B.  J.;  Johnson,  B.  J.;  Tolman,  W.  B.  Org.  Lett.  2002,  4, 
1391  —  1393.  (c)  Scolaro,  L.  M.;  Mazzaglia,  A.;  Romeo,  A.;  Plutino,  M. 
R.;  Castriciano,  M.;  Romeo,  R.  Inorg.  Chim.  Acta  2002,  330,  189—196. 

(14)  Hoffer,  M.  Chem.  Ber.  1960,  93,  2777-2781. 
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Scheme  1. 


Synthesis  of  Deoxyribosides  1  and  2 


Figure  1.  Structures  of  deoxynucleosides  1  (A)  and  2  (B)  in  the  solid  state,  determined  by  X-ray  crystallography  and  shown  in  ORTEP  form.  Details  are 
given  in  Supporting  Information. 


Table  1.  Optical  Data  for  Nucleosides  1  and  2 


compd 

solvent 

absorbance 
max3  (nm) 

e  (M  'em  ’) 

emission 
max  (nm) 

On 

t  (ns)6 

1 

EtOAc 

360 

nd 

460 

nd 

nd 

1 

MeOH 

360 

1.37  x  104 

494 

0.050 

0.45 

2 

EtOAc 

370 

nd 

521 

nd 

nd 

2 

MeOH 

384 

1.36  x  104 

543 

0.0085 

0.36 

“  Long-wavelength  band  is  listed;  shorter  wavelength  bands  at  260  nm 
were  also  present.  b  Conditions:  10  u M  nucleoside  in  methanol,  25  °C, 
with  excitation  at  370  nm.  Compound.  1  was  measured  at  450  nm  with  a 
430  nm  UV  filter;  compound  2  was  measured  at  550  nm  with  a  515  nm 
UV  filter. 

formation  of  a  strong  excited-state  dipole  due  to  resonance 
overlap  of  the  dimethylamino  group  with  the  pyridine  ring 
nitrogen. 

Nucleoside  Response  to  Metal  Ions.  We  then  investigated 
the  effects  of  metal  ions  on  the  fluorescence  of  nucleosides  1 
and  2  in  methanolic  solution.  Nucleosides  and  metals  were 
studied  at  50  and  100  /<M  concentrations,  respectively,  and  we 
screened  the  effects  of  17  metal  species  on  the  two  nucleosides 
by  monitoring  emission  spectra.  Note  that  the  ligands  could  in 
principle  bind  with  varied  stoichiometry  with  a  given  metal; 
some  may  bind  as  1:1  ligand:metal  complexes,  while  other 
combinations  may  form  complexes  with  other  stoichiometry. 
Metals  (as  their  chloride  salts)  were  added  from  concentrated 
stock  solutions  in  DMSO,  giving  a  final  concentration  of  5% 
DMSO  in  methanol.  Results  with  compound  1  showed  (Figure 
3,  Table  2,  and  Supporting  Information)  that  a  few  metal  ions 


(K2+,  Mg2+,  Ca2+,  Mn2+,  La2+,  Eu2+)  had  little  or  no  effect  on 
the  emission  from  the  pyridobenzimidazole.  Co2+  and  Pd2+ 
showed  weak  quenching  of  this  fluorophore,  while  Pt2+,  Cu2+, 
and  Ni2+  showed  apparently  strong  quenching.  In  contrast,  both 
Au+  and  Au3+  gave  marked  red  shifts  in  emission  (shifts  of  55 
and  37  nm)  with  little  effect  on  intensity.  Finally,  Ag+,  Cd2+, 
and  Zn2+  yielded  both  red  shifts  and  marked  increases  in 
emission  intensity;  red  shifts  increased  in  the  order  Ag+  (26 
nm  shift  with  3-fold  increase  in  intensity)  <  Cd2+  (59  nm  with 
8-fold  increase)  <  Zn2+  (79  nm  with  3-fold  increase).  The 
effects  are  summarized  in  Table  2. 

Metal  ion  effects  on  quinobenzimidazole  2  were  also  mea¬ 
sured  (Figure  4,  Table  2,  and  Supporting  Information)  and 
revealed  both  similarities  and  differences  with  1.  With  2,  eight 
metal  ions  (K+,  Mg2+,  Ca2+,  Hg2+,  Mn2+,  La2+,  Eu2+)  had  little 
or  no  effect  on  the  emission  from  ligand  1.  Co2+,  Au3+,  and 
Ni2+  showed  slight  quenching  of  this  fluorophore,  while  Cu2+ 
showed  moderate  quenching  in  addition  to  a  5  nm  red  shift. 
Addition  of  Pd2+  and  Pt2+  gave  apparently  strong  quenching 
coupled  with  red  shifts  (shifts  of  38  and  20  nm,  respectively). 
In  contrast,  Ag+  gave  a  36  nm  red  shift  with  little  effect  on 
intensity.  Finally,  unlike  ligand  1,  ligand  2  yielded  blue  shifts 
of  the  emission  band  in  two  cases.  Cd2+  yielded  a  shift  from 
the  original  543  nm  emission  to  dual  emission  at  460  and  510 
nm  with  little  change  in  intensity,  while  Zn2+  yielded  a  shift  to 
476  nm  and  a  substantial  (2-fold)  increase  in  emission  intensity. 

A  summary  of  the  results  for  both  fluorescent  nucleoside 
ligands  is  outlined  in  Table  2  and  points  out  the  similarities 


J.  AM.  CHEM.  SOC.  C 


ARTICLES 


Kim  and  Kool 


wavelength  (nm) 


Figure  2.  Excitation  and  emission  spectra  of  1  (A)  and  2  (B)  (2  u M J  in 
methanol  (25  °C).  Excitation  spectra  are  shown  with  dashed  lines  and  were 
monitored  at  the  emission  maxima.  Emission  spectra  are  shown  with  solid 
lines  and  were  measured  with  excitation  at  the  long-wavelength  absorption 
maxima. 

and  differences.  As  free  nucleosides  in  methanol,  neither 
compound  showed  significant  changes  with  seven  ions  (K2+, 
Mg2+,  Ca2+,  Hg2+,  Mn2+,  La2+,  Eu2+).  Both  compounds  showed 
similar  changes  for  Co2+  (slight  quenching)  and  Pt2+  (strong 
quenching  with  red  shift).  Interestingly,  although  they  are  similar 
ligands,  the  compounds  showed  different  responses  for  the  other 
eight  metal  ions.  The  most  dramatic  differences  occurred  with 
Ag2+  (>  3-fold  enhancement  of  fluorescence  with  1  versus  a 
red  shift  with  2)  and  especially  Zn2+  and  Cd2+,  which  showed 
marked  red  shifts  and  fluorescence  enhancements  with  1  but 
strong  blue  shifts  with  2. 

Responses  of  Ligand  Pairs  in  DNA.  We  then  investigated 
the  incorporation  of  fluorescent  nucleosides  1  and  2  into  DNA 
oligonucleotides.  Both  compounds  were  converted  to  the  5'- 
dimethoxytrityl-3'-phosphoramidite  derivatives  using  standard 
methods  (Supporting  Information).  They  were  then  incorporated 
into  two  13mer  complementary  oligonucleotides  using  auto¬ 
mated  synthesizer  coupling  programs.  The  presence  of  the  intact 
ligands  in  the  DNAs  was  confirmed  by  MALDI-TOF  mass 
spectrometry.  We  also  prepared  complementary  DNAs  in  which 
A,  C,  G,  or  T  was  paired  opposite  the  ligands;  these  showed 
little  or  no  differential  effect  on  fluorescence  emission  (data 
not  shown). 

To  investigate  whether  the  fluorescence  and  recognition 
properties  of  these  ligands  were  retained  in  water,  we  performed 
a  screen  of  fluorescence  responses  of  13mer  DNA  duplexes  in 


A  control  K+  Mg2+  Ag+  Ni2+  Pd2+  Pt2+  Cu2+  Zn2+ 


Coz+  Au+  l_a3+  Eu3+  Au3+  Cd2+  Hg2+  Mn2+  Ca2+ 


wavelength  (nm) 


1  only 
K+ 

Mg2+ 

La3+ 

Eu3+ 

Mn2+ 

Ca2* 


Figure  3.  Fluorescence  response  of  nucleoside  1  to  17  metal  salts  in 
methanolic  solution  (25  °C).  (A)  Photograph  showing  varied  responses  of 
1  to  the  metals  using  365  nm  light  from  a  UV  box  as  the  excitation  source. 
(B)  Spectra  of  1  (2  u M )  in  the  presence  of  metal  ions  that  change  the 
emission  intensity  or  wavelength  of  the  nucleoside.  (C)  Spectra  of  1  with 
metal  ions  that  yield  little  or  no  change  in  the  emission  properties.  Metals 
are  present  at  100  //  VI  as  chloride  salts  except  AgNCh. 


which  nucleosides  1  and  2  were  paired  opposite  themselves  or 
each  other  (Figure  5).  Four  pairing  geometries  were  tested:  1—1, 
2—2,  and  the  similar  (but  not  identical)  2—1  and  1—2  cases.  In 
the  DNA  context,  nucleoside  1  (as  a  1—1  pair)  showed  only  a 
small  change  (a  5  nm  red  shift)  compared  to  its  behavior  in 
methanol  as  a  free  nucleoside.  Nucleoside  2,  on  the  other  hand, 
showed  a  marked  change  with  its  major  emission  band  appearing 
in  the  blue  (440  nm)  in  DNA  as  a  2— 2  pair,  whereas  alone  in 
methanol  2  emits  in  the  yellow  range  (543  nm).  For  the  mixed 
1—2  and  2—1  pairings,  the  emission  behavior  in  the  absence  of 
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Table  2.  Fluorescence  Responses  of  Nucleosides  1  and  2  to 
Metal  Salts  in  Methanolic  Solution 


compd 

M" 

emission 
max  (nm) 

intensity 

(rel) 

compd 

emission 
max  (nm) 

intensity 

(rel) 

1 

none 

494 

1.0 

2 

none 

543 

1.0 

1 

K+ 

494 

1.1 

2 

K+ 

544 

1.1 

1 

Mg2+ 

494 

1.2 

2 

Mg2+ 

543 

1.1 

1 

Ca2+ 

494 

1.1 

2 

Ca2+ 

541 

1.0 

1 

Mn2+ 

494 

1.0 

2 

Mn2+ 

540 

1.0 

1 

Co2+ 

494 

0.6 

2 

Co2+ 

539 

0.9 

1 

Ni2+ 

496 

0.1 

2 

Ni2+ 

542 

0.9 

1 

Cu2+ 

486 

0.1 

2 

Cu2+ 

548 

0.6 

1 

Zn2+ 

573 

2.9 

2 

Zn2+ 

476 

2.0 

1 

Pd2+ 

503 

0.7 

2 

Pd2+ 

581 

0.2 

1 

Ag+ 

520 

3.4 

2 

Ag+ 

579 

1.0 

1 

Cd2+ 

553 

8.3 

2 

Cd2+ 

510 

1.2 

1 

Pt2+ 

508 

0.3 

2 

Pt2+ 

563 

0.3 

1 

Au+ 

549 

1.1 

2 

Au+ 

577 

0.8 

1 

Au3+ 

531 

0.9 

2 

Au3+ 

552 

0.8 

1 

La3+ 

498 

1.0 

2 

La3+ 

552 

1.0 

1 

Eu3+ 

496 

1.0 

2 

Eu3+ 

548 

1.0 

1 

Hg2+ 

498 

0.9 

2 

Hg2+ 

540 

0.8 

“  Conditions:  50  u M  nucleoside,  100  //M  metal  ion,  95%  methanol,  5% 
DMSO,  25  °C.  All  counterions  were  chloride  except  AgNCh. 


metals  resembled  that  of  the  2—2  pairing  more  than  the  1  —  1 
pairing  (Supporting  Information),  suggesting  that  2  may  quench 
the  emission  of  1.  However,  in  the  presence  of  metals,  the 
responses  were  more  similar  to  those  of  the  1—1  pairing  (see 
below). 

We  then  screened  these  four  different  ligand  “base  pairs”  for 
their  responses  to  the  addition  of  metal  ions  (Figure  5).  In  some 
cases  we  found  roughly  parallel  responses  to  those  seen  for  the 
free  nucleosides  in  methanol;  for  example,  the  1—1  pairing 
showed  strong  quenching  by  Pd2+  and  Pt2+  and  displayed 
enhancements  of  fluorescence  and  red  shifts  with  Zn2+  and 
Cd2+,  similar  to  what  was  observed  for  1  alone  in  methanol.  In 
another  example  Cd2+  gave  essentially  the  same  results  whether 
with  2  alone  or  with  the  2—2  pairing  in  DNA.  For  the  mixed 
1—2  and  2—1  pairings,  the  emission  behavior  in  the  presence 
of  metals  resembled  the  results  with  the  1  —  1  pairing  more  than 
the  2—2  pairing. 

However,  there  were  some  marked  differences  between  the 
fluorescence  emission  behavior  in  the  DNA  setting  and  that  of 
the  ligand  nucleosides  alone.  For  ligand  1,  Cd2+,  Ag+,  and  Zn2+ 
yielded  considerably  greater  enhancements  of  fluorescence  with 
the  1—1  pairing  in  DNA,  giving  20-,  15-,  and  11 -fold  overall 
enhancements,  respectively,  in  emission  intensity.  Au3+  yielded 
a  red  shift  in  methanol,  whereas  with  1—1  in  DNA  it  quenched 
fluorescence.  In  another  example  Pd2+  did  not  quench  1  alone, 
whereas  it  strongly  quenched  1—1  in  DNA.  For  ligand  2,  Zn2+ 
yielded  a  new  band  in  the  red  for  the  2—2  pairing  in  DNA, 
whereas  alone  in  methanol  it  gave  enhancement  plus  a  blue  shift. 
The  Ag+  ion  yielded  dual  bands  at  440  and  552  nm  with  2—2 
in  DNA,  whereas  with  2  in  methanol  it  yielded  only  a  36  nm 
red  shift. 

In  a  few  other  cases  the  ligand— nucleosides  showed  ad¬ 
ditional  striking  evidence  of  apparently  cooperative  behavior 
in  a  “paired”  configuration  (see  Figure  S2  in  Supporting 
Information).  For  example,  the  1—1  pairing  yielded  enhanced 
signals  in  the  presence  of  Eu3+,  whereas  1  alone  in  methanol 
showed  little  or  no  effect  with  this  lanthanide.  In  a  second 
example  La3+  yielded  a  strong  change  for  the  2— 2  pairing  with 
a  new  red  band  appearing  at  541  nm,  whereas  2  alone  in 


^  control  K+  Mg2+  Ag+  Ni2+  Pd2+  Pt2+  Cu2+  Zn2+ 


Co2+  Au+  La3*  Eu3+  Au3+  Cd2+  Hg2+  Mn2+  Ca2+ 


Y  j-r 

V  w 

w 

wavelength  (nm) 


2  only 

Zn2+ 

Cd2+ 

*9+ 

Au+ 

Au3* 

Pd2+ 

pi  2+ 

Cu2+ 


2  only 


Figure  4.  Fluorescence  response  of  nucleoside  2  to  17  metal  salts  in 
methanolic  solution  (25  °C).  (A)  Photograph  showing  varied  responses  of 
2  to  the  metals  using  365  nm  light  from  a  UV  box  as  the  excitation  source. 
(B)  Spectra  of  2  (2  //M)  in  the  presence  of  metal  ions  that  change  the 
emission  intensity  or  wavelength  of  the  nucleoside.  (C)  Spectra  of  2  with 
metal  ions  that  yield  little  or  no  change  in  the  emission  properties.  Metals 
are  present  at  100  juM  as  chloride  salts  except  AgN03. 

methanol  yielded  no  change  with  this  ion.  In  a  third  example 
the  2—1  pairing  showed  a  nonquenched  red  shift  with  Ni2+, 
whereas  this  metal  strongly  quenched  1  alone  in  methanol  and 
had  no  effect  on  2.  Finally,  Hg2+,  another  ion  to  which  neither 
1  nor  2  responded  alone,  yielded  strong  quenching  in  DNA 
containing  the  2—2  pairing. 

Discussion 

These  early  experiments  show  that  combinations  of  one  or 
both  of  these  nucleoside  ligands,  either  as  free  nucleosides  or 
in  DNA,  could  sense  12  of  the  17  metal  ions  in  this  initial  panel 
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Figure  5.  Fluorescence  responses  of  1  and  2  to  metal  ions  in  aqueous 
solution,  measured  in  the  context  of  13mer  duplex  DNAs  having  ligands  1 
and/or  2  placed  opposite  each  other,  as  pseudo  base  pairs.  (A)  Emission 
spectra  of  DNA  with  nucleoside  1  paired  opposite  itself  in  the  presence  of 
varied  metal  ions.  (B)  Emission  spectra  of  DNA  with  ligand  2  paired 
opposite  itself.  See  Figure  S2  (Supporting  Information)  for  cases  with  ligand 
2  paired  with  1.  Solutions  contained  3  //  M  DNA  duplex  and  100  u  M  metal 
ion  at  25  °C.  Buffers  also  contained  100  mM  NaCl  and  10  mM  Na-PIPES 
(pH  7.0).  Excitation  was  at  370  nm. 


of  salts  and  allow  one  to  distinguish  between  all  12  (except 
Pd2+  and  Pt2+,  which  give  similar  quenching  effects  with  both 
ligands).  We  expect  that  the  diverse  responses  arise  from  the 
combination  of  the  rotatable  bond,  the  electron-donating  amino 
group  in  conjugation  with  the  pyridine  nitrogen,  and  variable 
electronic  interactions  of  the  ligands  with  the  individual  metals. 
Further  experiments  will  be  needed  to  understand  the  details  of 
these  mechanisms  for  the  individual  ligand— ion  combinations. 

With  the  current  ligand  design,  which  employs  bipyridyl- 
like  structure,  it  is  not  surprising  that  the  fluorescence  responses 
are  weak  or  absent  for  the  more  oxophilic  metals  in  this  panel 
of  analytes,  such  as  K+,  Mg2+,  Ca2+,  Hg2+,  and  Mn2+.  These 
metals  are  expected  to  have  weak  affinity  for  the  current  nitrogen 
ligands;  future  nucleoside  designs  for  sensing  these  species  may 
require  different  liganding  groups.  However,  our  data  for  the 


2—2  pairing  in  DNA  show  that  this  combination  of  two  ligands 
can  apparently  act  cooperatively  to  recognize  and  give  a 
response  signal  for  Hg2+.  Beyond  the  current  studies,  we  do 
expect  that  the  current  nucleosides  may  be  able  to  respond  to 
the  presence  of  other  cations  not  included  in  this  initial  panel, 
and  future  studies  will  address  this.  One  limitation  should  be 
noted  for  these  nucleosides,  namely,  that  they  are  only  weakly 
water  soluble  and  thus  limited  in  their  aqueous  applications 
unless  organic  cosolvent  can  be  added.  Future  studies  will 
address  whether  more  polar  derivatives  can  be  prepared.  Of 
course,  in  the  DNA  context  (see  below)  water  solubility  is  no 
longer  problematic. 

As  a  whole,  the  fluorescence  responses  of  nucleosides  1  and 
2  are  remarkably  diverse.  Nucleoside  1  in  methanol  gives 
emission  maxima  over  an  87  nm  wavelength  range  and  a  >  80- 
fold  intensity  range  depending  on  the  metal  ion.  Nucleoside  2 
gives  a  similar  85  nm  emission  wavelength  range,  yielding  a 
red-shifted  emission  with  Ag+  and  a  blue-shifted  emission  with 
Cd2+.  Overall,  ligand  1  gives  at  least  five  qualitatively  different 
responses  (strong  quenching,  weak  quenching,  strong  emission 
enhancement,  red  shift,  multiple  emission  bands)  for  different 
ions,  and  ligand  2,  differing  from  1  only  by  benzo  substitution, 
also  gives  at  least  five  qualitatively  different  responses,  in  some 
cases  markedly  different  than  1.  Taken  together,  the  data  suggest 
that  monomer  1  can  act  as  a  useful  “turn  on”  sensor  of  Ag+, 
Cd2+,  Zn2+,  and  Au+  ions,  and  the  responses  to  these  are 
different  enough  to  allow  separate  identification  of  these  metals 
in  an  unknown  sample.  Because  the  responses  to  Au+  and  Au3+ 
are  similar,  1  would  not  be  useful  in  discriminating  between 
the  latter  two.  In  the  quenching  mode  both  Ni2+  and  Cu2+  give 
very  strong  quenching  of  this  nucleoside,  allowing  one  to 
discriminate  between  this  pair  and  the  above  fluorescence¬ 
enhancing  ions.  Monomer  2,  like  1,  can  also  be  used  as 
enhanced-signal  reporters  of  Zn2+  and  Cd2+,  and  it  also  gives 
a  marked  positive  response  for  Ag+  and  Au+,  although  it  is 
difficult  to  distinguish  between  the  last  two.  Unlike  1,  2  can 
distinguish  between  Au+  and  Au3+,  by  a  25  nm  difference  in 
wavelength.  In  quenching  applications  ligand  2  is  not  as  strongly 
quenched  by  the  metals  in  this  panel  as  1  and  would  not  be  as 
useful  as  the  latter  ligand. 

In  addition  to  fluorescence  responses  involving  an  increase 
or  a  decrease  in  intensity,  these  ligand  nucleosides  in  a  number 
of  cases  change  their  emission  wavelengths  markedly  in  the 
presence  of  some  metal  ions.  This  is  especially  useful  for  two 
reasons:  first,  it  allows  for  ratiometric  measurements  of 
concentration,  as  the  ratio  of  two  wavelengths  can  easily  be 
measured.  Second,  it  allows  for  distinguishing  between  back¬ 
ground  signal  and  positive  signal  in  applications  where  separat¬ 
ing  the  reporter  from  the  analyte  is  undesirable  or  impossible, 
such  as  in  real-time  solution-phase  assays  and  intracellular 
assays.  Nucleoside  1  shows  its  most  marked  red  shifts  in 
wavelength  for  Cd2+  (59  nm),  Zn2+  (79  nm),  and  Au+  (54  nm) 
and  thus  might  in  principle  be  used  ratiometrically  for  these. 
Nucleoside  2  shows  the  greatest  shifts  for  Zn2+  (67  nm)  and 
Cd2+  (33  nm)  (these  are  blue  shifts  rather  than  red  shifts). 

A  comparison  of  the  fluorescence  responses  of  1  and  2  with 
other  recently  reported  sensors  reveals  some  similarities  and 
differences.  There  exist  a  substantial  number  of  reports  of 
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sensors  for  Zn2+,15  including  some  that  respond  with  a  single 
wavelength  and  a  few  that  give  a  change  in  wavelength,  15b’d>s 
which  is  useful  for  ratiometric  measurements.  Compounds  1 
and  2  fall  into  the  latter  category;  it  is  not  yet  clear  whether 
they  would  be  useful  in  detecting  Zn2+  in  cellular  media  as  their 
cell  permeability  and  affinity  for  low  biological  concentrations 
of  this  ion  are  not  yet  known.  Compounds  1  and  2  also  detect 
Cd2+,  Au+,  and  Ag+  with  enhancements  of  emission  and 
wavelength  shifts;  although  Zn2+  sensors  often  respond  to  Cd2+ 
as  well,  compound  1  is  unusual  in  that  it  can  readily  distinguish 
between  these  two  closely  related  ions  by  wavelength.  Finally, 
we  have  shown  that  base  pairs  involving  these  nucleosides  can 
also  respond  to  lanthanides  with  wavelength  shifts.  Thus, 
although  metal  ion  sensing  (especially  of  Zn2+)  is  by  now  well 
established  in  the  literature,  the  diversity  of  responses  of  these 
two  nucleoside— ligands  with  a  range  of  metal  ions  is  rare. 

Our  data  show  that  these  nucleosides  can  be  readily  used  as 
monomers  in  the  synthesis  of  DNA  and  that  they  retain  metal 
ion  recognition  properties  in  aqueous  buffers  and  in  the  context 
of  the  DNA  double  helix.  We  have  shown  that  pairing  of  two 
nucleoside  ligands  opposite  one  another  can  in  some  cases  yield 
new  recognition  and  sensing  properties  that  the  monomers  alone 
do  not  have.  A  number  of  laboratories  have  described  the 
strategy  of  assembling  base  pairs  in  which  a  metal  ion  cross 
links  two  paired  ligands  as  DNA  base  replacements. lla_h  The 
current  studies  build  on  that  concept  by  showing  a  fluorescence 
reporting  response  as  a  result  of  that  apparent  interaction. 
Examples  of  responses  that  may  be  specially  useful  in  applica¬ 
tion  are  those  of  the  1  —  1  pairing,  which  gives  strong  fluores¬ 
cence  enhancements  and  red  shifts  with  Cd2+,  Ag+,  and  Zn2+; 
it  is  even  possible  to  distinguish  between  the  three  by  wave¬ 
length.  The  2—2  pairing  may  also  be  especially  useful  in  sensing 
of  Cd2+  and  Zn2+,  although  these  cannot  be  distinguished  from 
one  another.  More  useful  may  be  the  application  of  2—2  in 
sensing  of  Ag+  and  La3+,  where  the  original  blue  short- 
wavelength  band  is  strongly  quenched  and  new  long-wavelength 
yellow  bands  appear.  These  findings,  coupled  with  those  of  the 
nucleosides  alone,  suggest  that  DNAs  containing  1  and  2  might 
have  useful  ion  sensing  applications  in  both  single-stranded  and 
double-stranded  forms.  Future  studies  will  investigate  this  in 
detail. 

In  summary,  the  present  compounds  show  promise  not  only 
as  sensors  alone  but  also  as  components  for  introducing  metal 
ion  sensing  capability  into  DNA.  There  is  now  a  broad  number 
of  literature  reports  describing  fluorescence  sensing  of  metal 
ions  by  ligands  in  solution,1516  but  few  if  any  of  these  are 
directly  adaptable  to  DNA.16h  We  anticipate  that  the  use  of  DNA 
as  a  scaffold  for  this  fluorescence  sensing  will  be  advantageous 
by  adding  aqueous  solubility  to  these  heterocyclic  species,  thus 
allowing  possible  applications  in  biological  systems  and  aqueous 
waste  streams.  In  addition,  the  use  of  DNA  double-helical  or 
folded  structure  may  allow  for  useful  cooperative  sensing 

(15)  (a)  Zalewski,  P.  D.;  Forbes,  I.  J.;  Betts,  W.  H.  Biochem.  J.  1993,  296, 
403—408.  (b)  Maruyama,  S.;  Kikuchi,  K.;  Hirano,  T.;  Urano,  Y.;  Nagano, 
T.  J.  Am.  Chem.  Soc.  2002,  124,  10650-10651.  (c)  Shults,  M.  D.;  Pearce, 
D.  A.;  Imperiali,  B.  J.  Am.  Chem.  Soc.  2003, 125,  10591-10597.  (d)  Chang, 
C.  J.;  Jaworski,  J.;  Nolan,  E.  M.;  Sheng,  M.;  Lippard,  S.  J.  Proc.  Natl. 
Acad.  Sci.  U.S.A.  2004,  101,  1129-1134.  (e)  Yuasa,  H.;  Miyagawa,  N.; 
Nakatani,  M.;  Izumi,  M.;  Hashimoto,  H.  Org.  Biomol.  Chem.  2004,  2, 
3548-3556.  (f)  Wu,  Y.;  Peng,  X.;  Guo,  B.;  Fan,  J.;  Zhang,  Z.;  Wang,  J.; 
Cui,  A.;  Gao,  Y.  Org.  Biomol.  Chem.  2005,  3,  1387—1392.  (g)  Woodroofe, 
C.  C.;  Won,  A.  C.;  Lippard,  S.  J.  Inorg.  Chem.  2005,  44,  3112-3120.  (h) 
Komatsu,  K.;  Kikuchi,  K.;  Kojima,  H.;  Urano,  Y.;  Nagano,  T.  J.  Am.  Chem. 
Soc.  2005,  127,  10197-10204. 


between  multiple  ligands  as  our  preliminary  studies  suggest. 
Finally,  the  DNA  portion  of  such  molecules  could  be  useful 
for  self-assembly  of  sensors  on  surfaces  and  in  arrays. 

Experimental  Section 

Nucleoside  Synthesis.  5-AW-Dimethylamino-2-(2-pyridinyl)-l//- 
benzimidazole  (3). 

Nitrobenzene  (200  mL)  was  added  to  4-(V,(V-(dimethylamino)- 
phenylenediamine  (19.2  mmol)  to  make  a  solution  in  a  round-bottom 
flask.  2-Pyridinecarboxaldehyde  (1.83  mL,  19.2  mmol)  was  added,  and 
then  the  solution  was  slowly  heated  to  100  °C.  After  1  h  stirring,  the 
reaction  mixture  was  further  heated  to  150  °C  and  stirred  for  an 
additional  2  h.  This  solution  was  cooled  to  room  temperature  and 
directly  loaded  on  a  silica  gel  column  for  chromatographic  purification 
(eluent  CH2Cl2/hexane  (1:1)  followed  by  CH2Cl2/EtOAc  (2:3)).  The 
product  was  obtained  as  a  dark  yellow  powder  (3.57  g,  15.0  mmol, 
78%  yield  over  two  steps).  'H  NMR  (400  MHz,  DMSO-d6):  <5  8.64 
(d,  J  =  5.2  Hz,  1H),  8.20  (d,  J  =  8.0  Hz,  1H),  7.92  (t,  J  =  8.0  Hz, 
1H),  7.46-7.40  (m,  2H),  6.82-6.78  (m,  2H),  2.88  (s,  6H).  13C  NMR 
(100.7  MHz,  DMSO-*):  (5  149.9,  149.8,  149.3,  148.8,  138.1,  124.8, 

121.5,  112.1,  96.9,  41.9.  HRMS  (DEI):  [M]+  calcd  for  C14H14N4, 
238.1218;  found,  238.1226. 

5-(V,(V-Dimethylamino-2-(2-quinolinyl)-l//-benzimidazole  (4).  Ni¬ 
trobenzene  (250  mL)  was  added  to  4-(V,iV-(dimethylamino)phenylene- 
diamine  (27.1  mmol)  to  make  a  solution  in  a  round-bottom  flask. 
2-Quinolinecarboxaldehyde  (4.14  g,  26.3  mmol)  was  added,  and  then 
the  solution  was  slowly  heated  to  80  °C.  After  1  h  stirring,  the  reaction 
mixture  was  further  heated  to  150  °C  and  stirred  for  an  additional  24 
h.  This  solution  was  cooled  to  room  temperature  and  directly  loaded 
onto  a  silica  gel  column  for  chromatographic  purification  (eluent  CH2- 
Cl2/hexane  (1:1)  followed  by  CH2Cl2/EtOAc  (1:1)).  The  product  was 
obtained  as  an  orange  yellow  powder  (4.86  g,  16.9  mmol,  62%  yield 
over  two  steps).  >H  NMR  (400  MHz,  CDCI3)  <5  8.56  (d,  J  =  8.8  Hz, 
1H),  8.25  (d,  J  =  8.4  Hz,  1H),  8.09  (d,  J  =  8.4  Hz,  1H),  7.83  (d,  J  = 
8.0  Hz,  1H),  7.71-7.65  (m.  2H),  7.51  (t,  J,  =  7.3  Hz,  1H),  6.81  (dd, 
J\  =  9.2,  J2  =  2.4  Hz,  1H),  6.28  (s,  1H),  2.84  (s,  6H).  13C  NMR  (100.7 
MHz,  CDCI3):  b  149.4,  149.2,  149.1,  147.8,  137.4,  137.3,  136.0,  129.1, 

128.5,  128.1,  127.1,  120.6,  119.4,  111.6,  93.5,  41.5.  HRMS  (DEI): 
[M]+  calcd  for  Ci8H16N4,  288.1375;  found,  288.1375. 

l-(5-N,A,-Dimethylamino-2-(2-pyridinyl)benzimidazole)-l'-a-deox- 
yriboside  (1).  5-(V,(V-Dimethylamino-2-(2-pyridinyl)-l//-benzimidazole 
(1.1  g,  4.54  mmol)  and  NaH  (0.20  g,  4.99  mmol)  were  charged  into  a 
100  mL  round-bottom  flask.  A  15  mL  amount  of  (V,(V-dimethylaceta- 
mide  was  added  into  the  flask  via  syringe  under  an  atmosphere  of  argon. 
The  reaction  mixture  was  stirred  at  room  temperature  for  30  min,  then 
Hoffer’s  chlorosugar  (2.12  g,  5.39  mmol)  was  added  in  one  portion, 
and  the  reaction  mixture  was  stirred  for  2  h  at  room  temperature.  The 
solvent  was  evaporated  under  vacuum.  The  cmde  mixture  was  extracted 
with  water  and  CH2C12.  The  organic  layer  was  dried  with  Mg2SC>4  and 
evaporated  under  reduced  pressure.  The  crude  product  was  dissolved 
in  30  mL  of  CH2Cl2/MeOH  (1:1),  and  then  4.5  mL  of  NaOMe  (0.5  N 
in  MeOH)  was  added  into  the  flask  via  syringe  under  an  atmosphere 
of  argon.  The  reaction  mixture  was  stirred  at  room  temperature  for  1 
h.  The  solvent  was  evaporated  under  reduced  pressure.  The  crude 


(16)  (a)  Dujols,  V.;  Ford,  F.;  Czamik,  A.  W.  J.  Am.  Chem.  Soc.  1997,  119, 
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R.;  Moffett,  J.  W.;  Fierke,  C.  A.  Anal.  Chem.  2003,  75,  6807-6812.  (c) 
Obare,  S.  O.;  Murphy,  C.  J.  Inorg.  Chem.  2001,  40,  6080-6082.  (d)  Nolan, 
E.  M.;  Lippard,  S.  J.  J.  Am.  Chem.  Soc.  2003, 125.  14270-14271.  (e)  Kwon, 
J.  Y.;  Jang,  Y.  J.;  Lee,  Y.  J.;  Kim,  K.  M.;  Seo,  M.  S.;  Nam,  W.;  Yoon,  J. 
J.  Am.  Chem.  Soc.  2005,  127,  10107-10111.  (f)  Bricks,  J.  L.;  Kovalchuk, 
A.;  Trieflinger,  C.;  Nofz,  M.;  Buschel,  M.;  Tolmachev,  A.  I.;  Daub,  J.; 
Rurack,  K.  J.  Am.  Chem.  Soc.  2005,  127,  13522-13529.  (g)  Matsushita, 
M.;  Meijler,  M.  M.;  Wirsching,  P.;  Lerner,  R.  A.;  Janda,  K.  D.  Org.  Lett. 
2005,  7,  4943-4946.  (h)  Mokhir,  A.;  Kiel,  A.;  Herten,  D.  P.;  Kraemer.  R. 
Inorg.  Chem.  2005,  44,  5661—5666.  (i)  Yang,  L.;  McRae,  R.;  Henary,  M. 
M.;  Patel,  R.;  Lai,  B.;  Vogt,  S.;  Fahrni,  C.  J.  Proc.  Natl.  Acad.  Sci.  U.S.A. 
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products  were  purified  by  silica  gel  chromatography  (eluting  with 
hexane/ethyl  acetate  1:1  to  1:3)  to  give  the  desired  product  (562  mg, 

I. 59  mmol,  35%  yield).  ‘H  NMR  (400  MHz,  CDCl,/  CD3OD  (1:1))  d 
8.65  (d,  J  =  4.8  Hz.  1H),  8.03  (d,  J  =  8.0  Hz,  1H),  7.90  (td,  7,  =  8.0, 
J2  =  2.0  Hz,  1H),  7.56  (d,  J  =  8.4  Hz,  1H),  7.41  (dd.  7i  =  7.6,  J2  =  5.2 
Hz,  1H),  7.34  (d,  J  =  2.4  Hz,  1H),  7.12  (t,  J  =  8.0  Hz,  1H),  6.94  (dd, 

J,  =  9.2,  J2  =  2.4  Hz,  1H),  4.55-4.50  (m,  1H),  4.31-4.27  (m,  1H), 
3.75  (dd,  /i  =  12.0,  J2  =  3.6  Hz,  1H),  3.65  (dd,  J,  =  12.0,  J2  =  4.8  Hz, 
1H),  3.02  (s,  6H),  2.96-2.88  (m,  1H),  2.72-2.65  (m,  1H).  13C  NMR 
(100.7  MHz,  CDCI3/CD3OD  (1:1)):  <5  150.0,  149.1,  148.9,  148.8,  137.5, 

135.2,  134.6,  125.1,  124.1,  119.5,  112.4,  96.9,  87.2,  86.8,  71.0,  62.2, 
41.4,  39.2.  MS  (El):  m/z  =  355.4  [M  +  H]+.  HRMS  (DCI):  [M  + 
H]+  calcd  for  C19H23N4O3,  355.1770;  found,  355.1780. 

1  -(5-)V,)V-Dimethylamino-2-(2-quinohnyl)benzimidazole)- 1  '-a-deoxy- 
riboside  (2).  5-A/./V-Dimethylamino-2-(2-quinohnyl)- 1  //-benzimidazole 
(1.13  g,  3.9  mmol)  and  NaH  (264  mg.  6.6  mmol)  were  charged  into  a 
1 00  mL  round-bottom  flask.  A  20  mL  amount  of  A,A-dimethylaceta- 
rnide  was  added  into  the  flask  via  syringe  under  an  atmosphere  of  argon. 
The  reaction  mixture  was  stirred  at  room  temperature  for  30  min;  then 
solvent  was  evaporated  under  vacuum.  The  crude  mixture  was  extracted 
with  water  and  CH2C12.  The  organic  layer  was  dried  with  Mg2SC>4. 
The  crude  products  were  purified  by  silica  column  chromatography 
(eluting  with  hexane/ethyl  acetate/dichloromethane  2:1:2  to  1:1:1)  to 
give  the  desired  product  (971.4  mg,  1.52  mmol,  39%  yield).  This  bis- 
toluoyl-protected  deoxyriboside  (971.4  mg  1.52  mmol)  was  dissolved 
in  50  mL  of  CH2Cl2/MeOH  (1:1),  and  then  10  mL  of  NaOMe  solution 
(0.5  N  in  MeOH)  was  added  into  the  flask  via  syringe  under  an 
atmosphere  of  argon.  The  reaction  mixture  was  stirred  at  room 
temperature  for  1  h.  The  solvent  was  then  evaporated  under  reduced 
pressure,  and  the  crude  products  were  purified  by  silica  column 
chromatography  (eluting  with  hexane/ethyl  acetate  1:1  to  1:3)  to  give 
the  desired  product  (541  mg,  1.34  mmol,  88%  yield).  'H  NMR  (400 
MHz,  DMSO-<76)  <5  8.45  (d,  J  =  8.8  Hz,  1H),  8.30  (d,  J  =  8.8  Hz, 
1H),  8.06  (d,  J  =  8.4  Hz,  1H),  7.99  (d,  J  =  7.6  Hz,  1H),  7.80  (t,  J  = 
8.0  Hz,  1H),  7.66-7.55  (m,  3H),  7.33  (s,  1H),  6.88  (dd,  7,  =  8.8,  J2  = 
2.4  Hz,  1H),  5.63  (br,  1H),  4.95  (t,  7  =  5.2  Hz,  1H),  4.45  (br,  1H), 
3.58-3.47  (m,  2H),  3.04-2.93  (m,  7H),  2.49-2.43  (m,  1H).  13C  NMR 
(100.7  MHz,  DMSO-rfc):  <5  150.7,  148.7,  148.3,  147.1,  137.6,  135.9, 
135.7,  131.0,  129.8,  128.6,  128.1,  127.7,  122.3,  120.6,  112.0,  96.8, 

88.2,  87.3,  71.4,  62.5,  41.6,  39.2.  MS  (El):  m/z  =  405.2  [M  +  H]+. 
HRMS  (DCI):  [M  +  H]+  calcd  for  C23H25N403,  405.1927;  found, 
405.1924. 

Oligonucleotide  Synthesis.  We  prepared  the  5'-0-DMTr-protected 
3'-2-cyanoethyl  phosphoramidite  building  blocks  of  1  and  2  following 
standard  methods  (see  Supporting  Information).  We  directly  applied 
them  using  solid-phase  oligodeoxynucleotide  (ODN)  synthesis  protocols 
on  an  automated  DNA  synthesizer  (Applied  Biosystems  394  DNA/ 
RNA  synthesizer).  All  oligodeoxynucleotides  were  synthesized  on  1.0 
^nnol  scale  using  standard  /3-cyanoethyl  phosphoramidite  chemistry  but 
with  extended  (200  s)  coupling  times,  double  coupling,  and  high 
concentration  (0.13  mM)  for  modified  nucleosides.  Stepwise  coupling 
yields  for  nonnatural  nucleosides  were  all  greater  than  95%  as 
determined  by  trityl  monitoring.  The  synthesized  oligonucleotides  were 
cleaved  from  the  solid  support  by  treatment  with  30%  aqueous  NH4OH 
(1.0  mL)  for  10  h  at  55  °C.  The  crude  products  from  the  automated 
ODN  synthesis  were  lyophilized  and  diluted  with  distilled  water  (2 
mL).  The  ODNs  were  purified  by  HPLC  (Zorbax  ODS  column,  9.4  x 
250  mm).  The  fractions  containing  the  purified  ODN  were  pooled  and 
lyophilized.  Aqueous  AcOH  (80%)  was  added  to  the  ODN  for 


deprotection  of  the  5'-terminal  DMT.  After  30  min  at  ambient 
temperature,  the  AcOH  was  evaporated  under  reduced  pressure.  The 
residue  was  diluted  with  water  (2  mL),  and  the  solution  was  purified 
by  HPLC  again.  Modified  oligonucleotides  in  the  study  were  character¬ 
ized  by  matrix-assisted  laser-desorption-ionization  time-of-flight  (MALDI- 
TOF)  mass  spectrometry  (see  Supporting  Information). 

Fluorescence  Measurements.  Fluorescence  measurements  were 
carried  out  on  a  Spex  Fluorolog  3  fluorescence  spectrometer  equipped 
with  a  Lauda  Brinkmann  RM  6  temperature  controller.  Fluorescence 
quantum  efficiency  (</>sa mp)  was  obtained  by  comparing  the  integrated 
fluorescence  spectra  of  a  sample  (/sam p)  with  that  of  a  reference  sample 
(/ref)  having  a  known  fluorescence  quantum  efficiency  (</>ref).  We  used 
9,10-diphenylanthracene  (10  /(M)  dissolved  in  EtOH  (</>ref  =  0.81, 
excitation  at  366  nm)  as  a  standard.  Compounds  1  and  2  were  prepared 
as  10  fx M  solutions  in  methanol.  Quantum  yields  were  calculated  by 
the  following  equation 

^samp  ^ref  *  (^ref^sampX^/  sam  j/V  ref)  (^samj/^ref) 

Absorption  spectra  were  measured  with  a  Cary  I  UV— vis  spectrometer, 
and  excitation  and  emission  spectra  were  observed  by  a  Spex  Fluorolog 
3  fluorescence  spectrometer.  Fluorescence  lifetimes  were  measured  on 
a  Photon  Technologies,  Inc.  Easylife  LS  instrument;  a  465  nm  pulsed 
LED  was  utilized  for  excitation,  and  a  535  nm  long-pass  filter  selected 
the  desired  emission  wavelengths. 

Screening  of  Metal  Ions.  Seventeen  metal  salts  were  tested  for 
fluorescence  responses  with  1  and  2:  KC1,  MgCl2,  AgN03,  NiCl2, 
PdCl2,  PtCl2,  CuCl2,  ZnCl2,  CoCl2,  AuCl,  LaCl3,  EuC13,  AuC13,  CdCl2, 
HgCl2,  MnCl2,  CaCl2.  All  metal  salt  solutions  were  prepared  as  stock 
solutions  (5.0  mM)  in  DMSO.  Note  that  AuCl  had  poor  solubility  and 
left  some  precipitate.  Nucleosides  1  and  2  were  separately  prepared  as 
50  /rM  solutions  in  methanol,  and  each  metal  salt  stock  solution  was 
added  to  give  2-fold  excess  metal  concentration  (100  /(M).  Photographs 
were  taken  over  a  UV  light  box  (354  nm),  and  fluorescence  spectra 
were  measured  as  described  above. 

Crystal  Structure  Determination.  Single  crystals  of  free  ligand- 
nucleosides  1  and  2  were  grown  by  a  bilayer  method.  The  compounds 
were  dissolved  in  a  1:1  mixture  of  dry  CHCI3  and  MeOH.  These 
solutions  (ca.  1  mL)  were  divided  to  NMR  tubes  (5  x  200  mm),  and 
hexane  (ca.  2  mL)  was  added  very  slowly,  making  a  second  layer.  At 
the  junction  between  the  sample  layer  (lower)  and  the  hexane  (upper) 
layer  we  obtained  crystals  for  X-ray  diffraction.  The  X-ray  data  for  1 
and  2  were  collected  on  a  Siemens  SMART-APEX  CCD  single-crystal 
X-ray  diffractometer.  The  structures  were  solved  and  refined  by  full- 
matrix  least-squares  techniques  on  F2  using  SHELX-97.  Additional 
details  are  in  the  Supporting  Information. 
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